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Abstract 
In	the	past	decade mitochondria	dysfunction	has	emerged	as	central	to	the	pathogenesis	of	obesity	
related	disorders	and	ageing.	The	aim	of	the	present	study	was	to	examine	whether	gender	differences	
occur	 in	 respiratory	 function	 of	 liver	 mitochondria	 isolated	 from	 elderly	 Zucker	 fatty	 (ZF)	 rats.	
Mitochondrial	respiration	was	measured	at	37ºC	using	a	Clark-type	oxygen	electrode	in	the	presence	
of	complex	I	substrates	(glutamate/malate,	G/M)	and,	the	complex	II	dependent	substrate	(succinate	
plus	rotenone,	S/Rot).	Basal	(State	2)	and	ADP-stimulated	(State	3)	respiratory	rates	were	recorded	and	
expressed	as	natoms	O
2
/min/mg	of	mitochondrial	protein.	Integrity	of	mitochondria	was	checked	by	
means	of	cytochrome	c	addition.	No	changes	in	State	3	respiratory	rates	were	recorded	in	the	presence	
of	complex	I	substrates	for	either	female	or	male	ZF	rats.	However,	in	both	ZF	groups	active	respiration	
was	significantly	increased	vs.	the	controls	when	succinate	was	used	as	respiratory	substrate.	Also,	in 
female	(but	not	in	male)	ZF	liver	mitochondria	respiring	on	complex	II	substrate	a	significant	uncoupling	
effect	was	recorded	as	compared	to	the	lean	rats.	In	conclusion,	gender	differences	occur	in	adaptation	
of	respiratory	function	of	liver	mitochondria	isolated	from	elderly	Zucker	obese	rats.
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INTRODUCTION
Diabetes	 mellitus	 has	 become	 in	 the	 21st	
century	not	only	the	most	severe	metabolic	disease	
but	also	an	important	burden	for	the	health	care	
systems	 view	 its	 huge	 premature	 morbidity.	
Zimmet	et al	estimated	already	back	to	2001	that	
type	2	diabetes	mellitus	 (T2DM)	 is	 diagnosed	 in	
about	20%	of	 the	population	over	 the	age	of	65.	
Moreover,	 alarming	 statistics	 revealed	 that	 2/3	
of	 these	 patients	 live	 in	 low	 and	middle	 income	
countries	 and	 the	 prevalence	 of	 the	 disease	will	
increase	worldwide	(WHO,	2005).	Several	animal	
models	 of	 insulin	 resistance	 and	 diabetes	 have	
been	proved	over	the	past	decades	to	be	excellent	
tools	 in	 dissecting	 pathogenesis	 of	 the	 disease	
and	assessing	novel	therapies	(reviewed	in	Wang	
et al,	2013).	Two	major	classes	of	rodent	models	
of	 diabetes	 are	 currently	 in	 use:	 spontaneously	
induced	 (genetic)	 and	 experimentally	 (non-
genetic)	 induced	 models	 (Islam	 and	 Wilson,	
2012).	 In	 the	 former	 group,	 the	 Zucker	 fatty	 or	
obese	rat	 (described	by	Zucker	back	 to	 the	early	
60s)	 is	 homozygous	 for	 the	 leptin	 receptor	 gene	
mutation	 and	 is	 widely	 used	 to	mimic	 the	 early	
stage	 of	 human	 T2DM.	 	 It	 shows	 early	 onset	 of	
obesity	(from	4	weeks	of	age),	mild	hyperglycemia,	
insulin	 resistance	 and	 moderate	 hypertension	
(Durham	 and	 Truett,	 2006).	 In	 the	 past	 decade, 
mitochondria	 dysfunction	 has	 emerged	 as	 the	
common	 denominator	 of	 both	 insulin	 resistance	
(IR)	 and	 hyperglycemia	 in	 T2DM	 (Lovell	 and	
Schuman,	 2005)	 albeit	 a	 causal	 relationship	 still	
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remains	elusive	(see	Martin	and	McGee,	2014	for	
a	recent	review).	
The	 aim	 of	 the	 present	 study	 was	 to	 cha-
rac	terize	 the	 respiratory	 function	 of	 liver	 mito-
chondria	 isolated	 from	 elderly	 male	 and	 female	
obese	Zucker	rats.
MATERIALS AND METHODS
Animals. All	 procedures	 and	 experimental	
protocols	 used	 in	 this	 study	 are	 in	 compliance	
with	the	Directive	63/2010/EU	on	the	protection	
of	 animals	 used	 for	 scientific	 purposes.	 The	
experimental	 protocol	 was	 approved	 by	 the	
Commi	ttee	 for	 Research	 Ethics	 of	 “Victor	
Babeş”	 University	 for	 Medicine	 and	 Pharmacy	
of	 Timişoara,	 Romania.	 Ten	 Zucker	 fatty	 (ZF)	
rats	 (5	 males	 and	 5	 females)	 and	 10	 matched	
Zucker	lean	(ZL)	controls	(5	males	and	5	females)	
were	 purchased	 from	 Charles	 River	 (Budapest,	
Hungary)	and	divided	 in	4	groups.	Animals	were	
caged	 individually,	 fed	 ad	 libitum,	 housed	 in	
the	 University	 animal	 facility	 under	 standard	
conditions	 (constant	 temperature	 of	 22.5	 ±	 2°C	
and	relative	humidity	of	55%	±	5%,	12	h	light	–	12	
h	dark	cycle)	and	used	for	experiments	at	the	age	
of	32-34	weeks.	
Reagents. All	reagents	used	were	of	the	high-
est	 quality	 available	 and	 were	 purchased	 from	
Sigma	and	Merck	Chemicals.	
Mitochondria isolation. Rat	liver	mitochon-
dria	were	isolated	by	differential	centrifugation	at	
4°C,	 according	 to	a	previously	described	method	
(Gheorgheosu	 et al,	 2012).	 Briefly,	 after	 animal	
anesthesia	 with	 an	 intraperitoneal	 injection	 of	
ketamine	 (Vetased,	 30	 mg/kg	 body	 mass)	 and	
xylazine	 (Xylazin,	 10	 mg/kg	 body	 mass),	 liver	
was	 quickly	 removed,	 cleansed	 of	 connective	
tissue,	 fat	and	blood	and	rinsed	 in	 ice-cold	0.9%	
KCl	 solution.	 Then	 it	 was	 minced	 with	 scissors	
to	 fragments	 smaller	 than	0.5	 cm	 in	 a	Petri	 dish	
and	 manually	 homogenized	 in	 a	 glass-teflon	
pestle	 homogenizer	 in	 25	ml	 Buffer	 1	 (210	mM	
mannitol,	70	mM	sucrose,	10	mM	HEPES,	125	mg	
bovine	 serum	albumin	–	BSA,	5	mg/ml	 and	0.25	
ml	 EGTA	 1	 mM,	 pH	 =	 7.4). Mitochondria	 were	
isolated	by	differential	centrifugation	(Rotina	38R,	
Hettich)	according	to	the	following	protocol:	first	
centrifugation	was	performed	at	750xg	for	5	min	
at	4°C	in	order	to	remove	the	nuclei	and	unbroken	
cells	which	were	 pelleted	 by	 centrifugation.	 The	
supernatant,	obtained	by	filtration,	containing	the	
mitochondrial	fraction,	was	centrifuged at	7000xg 
for	 10	 min	 at	 4°C.	 The	 resulting	 mitochondrial	
pellet	was	washed	in Buffer	2	(210	mM	mannitol,	
70	mM	sucrose,	10	mM	HEPES,	pH	=	7.4).	The	final	
centrifugation	 was	 performed	 at	 7000xg	 for 10	
min	at	4°C	and	 the	resulted	mitochondrial	pellet	
was	 gently	 resuspended	 in	 0.25	ml	Buffer	 2	 and	
kept	 on	 ice	 throughout	 the	 experiment.	 Protein	
concentration	 was	 determined	 by	 the	 biuret	
method	after	mitochondria	solubilization	with	1%	
deoxycolate,	using	BSA	as	standard.	
Oxygen consumption measurements 
Mi	to	chon	drial	 oxygen	 consumption	 was	
mea	su	red	 at	 37ºC	 using	 a	 Clark-type	 oxygen	
elec	tro	de	 (Strathkelvin	 782	 Oxygen	 System).	
All	 measurements	 were	 performed	 using	 mito-
chondria	(1.0	mg	mitochondrial	protein/ml)	in	the	
incubation	medium	(100	mM	KCl,	2	mM	KH
2
PO
4
,	
10	mM	HEPES	and	1	mM	MgCl
2,	
pH=7.4).	Oxygen	
consumption	rates	were	expressed	as	natoms	of	O
2	
consumed	per	minute	and	per	mg	of	mitochondrial	
protein. Basal	 respiration	 (State	 2)	was	 initiated	
after	the	addition	of	either	complex	I	dependent-
substrates	(glutamate	5	mM	and	malate	5	mM)	or	
the	 complex	 II	 dependent-substrates	 (succinate	
15	 mM)	 in	 the	 presence	 of	 complex	 I	 inhibitor	
(rotenone,	 1	 mM).	 Active	 respiration	 (State	 3)	
was	 measured	 after	 addition	 of	 ADP	 (3	 mM).	
Olygomicin	(2	µg/ml)	was	added	to	inhibit	oxidative	
phosphorylation	 by	 inhibiting	 ATP	 synthase	
activity.	Uncoupling	of	oxidative	phosphorylation	
was	 obtained	 by	 means	 of	 FCCP	 (carbonyl	
cyanide-p-trifluoromethoxyphenyl-hydrazone,	
0.1	mM)	stepwise	titration.	The	intactness	of	 the	
outer	 mitochondrial	 membrane	 was	 evaluated	
after	 addition	 of	 exogenous	 cytochrome	 c	 (32	
µM).	 An	 increase	 of	 the	 respiratory	 rates	 after	
the	exogenous	addition	of	cytochrome	c	indicates	
the	 loss	 of	 endogenous	 cytochrome	 c	 due	 to	 the	
damage	of	outer	mitochondrial	membrane	during	
the	isolation	process.
Statistical analysis. Differences	 between	
gro	ups	 were	 determined	 using	 the	 Student’s 
t-test	(GraphPad	Prism	5	for	Windows,	GraphPad	
Software	 Inc).	 Results	 are	 presented	 as	means	± 
SEM.	A	p value	<	0.05	was	considered	statistically	
significant.
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RESULTS AND DISCUSSIONS
In	 the	 present	 study	 we	 have	 characterized	
the	respiratory	function	in	mitochondria	isolated	
from	 elderly	 (32–34	weeks	 old)	 ZF	male	 rats	 (n	
=	5,	average	body	weight	=	513	g,	average	blood	
glucose	 =	 184	 mg/dL)	 and	 ZF	 female	 rats	 (n	 =	
5,	 average	 body	 weight	 =	 495	 g;	 average	 blood	
glucose	=	178	mg/dL)	compared	to	age	matched	
Zucker	 lean	 controls,	male	 (n	 =	 5,	 average	 body	
weight	 =	 340	 g;	 average	 blood	 glucose	 =	 108	
mg/dL)	and	females	(n	=	5,	average	body	weight	
=	 305	 g;	 average	 blood	 glucose	 =	 104	 mg/dL),	
respectively.	 	 In	 mitochondria	 isolated	 form	 ZF	
females	 no	 impairment	 of	 active	 respiration	
(State	 3)	was	 detected	 and	 in	 the	 presence	 of	 C	
I	 substrates	 (glutamate/malate,	 G/M)	 whereas	
basal	respiration	(State	2)	was	slightly	 increased	
(Fig.	1,	B	and	A).	
However,	 when	 succinate	 plus	 rotenone	 (S/
Rot)	were	used	as	substrates	in	the	same	ZF	female	
group,	 a	 significant	 increase	 was	 recorded	 for	
both	basal	(76±2.8	vs.	42±0.4	natoms	O
2
/min/mg	
of	mitochondrial	 protein,	p <	0.0001)	 and	 active	
respiration	(200±12	vs.	140±4.8	natoms	O
2
/min/
mg	of	mitochondrial	 protein,	p <	0.0001)	vs.	 the	
corresponding	controls	(Fig.	2,	A	and	B).
No	 differences	 in	 respiratory	 parameters	 in	
mitochondria	 isolated	 from	 the	 ZF	 male	 group	
could	be	measured	 in	 the	presence	 of	 complex	 I	
substrates	(Fig.	3,	A	and	B).
Figure 1. Respiratory parameters for complex I-dependent respiration (G/M) in ZF female rats vs. 
their ZL controls.		State	2	respiration	is	slightly	increased	in	ZF	group	vs.	the	control	group.	*p <	0.05
Figure 2. Respiratory parameters for complex II-dependent respiration (S/Rot) 
in ZF female rats vs. their ZL controls.		Both	State	2	and	State	3	respiratory	rates	are	
significantly	increased	in	ZF	female	group	vs.	the	control	group.	***p <	0.0001
A
A
B
B
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However,	 a	 significant	 increase	 in	 active	
(but	 not	 basal)	 respiration	 was	 recorded	 in	 the	
presence	of	the	complex	II	substrate	(210±10	vs.	
140±2.9	natoms	O
2
/min/mg	of	mitochondrial	pro-
tein,	p <	0.0001)	vs.	the	corresponding	controls	–	
Fig	4	B.
Interestingly,	 in	 female	 (but	 not	 in	 male)	 a	
significant	increase	in	State	4	was	found	regardless	
the	 respiratory	 substrate	 (G/M	 or	 S/Rot)	 used	
(but	more	important	for	complex	II)	–	Fig.	5	(A,	B).	
The	significance	of	this	uncoupling	effect	requires	
further	 investigations	 in	 order	 to	 establish	 a	
pathophysiological	explanation.
The	 Zucker	 fatty	 rat	 with	 the	 homozygous	
leptin	receptor	mutation	and	its	Zucker	lean	hete-
ro	zygous	control	have	been	widely	used	as	model	
of	 IR	and	T2DM	 in	order	 to	 investigate	 impaired	
adaptive	mechanisms	in	heart	(Katakam	et al,	2006;	
Huhn	et al,	 2010)	 and	brain	 (Erdos	et al,	 2004).	
Several	 experimental	 and	 clinical	 studies	 have	
described	an	unequivocal	 link	between	 impaired	
mitochondrial	 function	 and	 the	 development	
of	 IR	 in	 peripheral	 tissues.	 The	 vast	 majority	 of	
these	 studies	 have	 been	 performed	 on	 skeletal	
muscle	 and	 unanimously	 reported	 a	 reduced	
mitochondrial	oxidative	capacity	 in	experimental	
animals	and	more	important,	in	diabetic	patients	
and	 their	 insulin	 resistant	 offspring	 (recently	
reviewed	by	Martin	and	McGee,	2014).	
Figure 3. Respiratory parameters for complex I-dependent respiration (G/M) in ZF male rats 
vs. their ZL controls.		No	changes	in	respiratory	rates	in	ZF	male	group	vs.	the	control	group
A B
Figure 4. Respiratory parameters for complex II-dependent respiration (S/
Rot) in ZF male rats vs. their ZL controls.		State	3	respiratory	rates	are	significantly	
increased	in	ZF	male	group	vs.	the	control	group.	***p <	0.0001
A B
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Paradoxically,	despite	the	central	position	of	the	
liver	in	glucose	metabolism	and	insulin	regulation,	
studies	addressing	the	role	of	liver	mitochondrial	
dysfunction	 in	 the	 settings	 of	 insulin	 resistance	
and	 diabetes	 are	 rather	 scarce.	 Accordingly,	
Teodoro	et al	(2006)	reported	a	decrease	in	state	
3	 respiration	 in	 liver	 mitochondria	 from	 obese	
Zucker	 rats	 that	was	 associated	with	 a	 decrease	
in	the	content	of	adenine	nucleotide	translocator.	
Similarly,	 Bouderba	 et al	 (2012)	 reported	 in	 a	
polygenic	 animal	 model	 of	 T2DM	 (Psamommys	
obesus)	 a	 decrease	 in	 both	 basal	 and	 active	
respiration	in	mitochondria	respiring	on	complex	
I	 (but	 not	 on	 complex	 II)	 substrates.	 Raza	 et al 
(2012)	 reported	 increased	 oxidative	 stress	 and	
mitochondrial	 dysfunction	 characterized	 by	 the	
decline	in	complex	I	and	IV	activities	in	ventricles	
harvested	 from	 34	 weeks	 old	 Zucker	 diabetic	
fatty	rats	as	compared	to	their	age-matched	lean	
controls.
At	 variance	 from	 these	 data,	 Flamment	 et 
al	 (2008)	 did	 not	 find	 any	 was	 no	 difference	 in	
oxygen	 consumption	and	membrane	potential	 in	
state	4	and	3,	respectively	in	ZF	rats	vs.	their	lean	
controls.	
These	 authors	 also	 measured	 the	 oxygen	
consumption	and	ATP	 synthesis	 as	 a	measure	of	
mitochondrial	 energy	 efficiency	 and	 the	 found	
similar	 values	 of	 ADP/O	 ratio	 in	 obese	 and	 lean	
Zucker	rats.	Similarly,	 in	an	elegant	experimental	
study	 in	 murine	 models	 of	 insulin	 resistance	
induced	either	by	obesity	or	genetic	manipulation,	
Franko	 et al	 (2014)	 could	 not	 demonstrate	 that	
mitochondrial	 dysfunction	 is	 a	 prerequisite	 for	
steatosis	 (since	 hepatic	 mitochondria	 function	
remained	 normal	 despite	 a	 massive	 lipid	
accumulation	 in	 liver).	 The	 limit	 of	 our	 study	
is	 that	 we	 neither	 measured	 the	 activities	 of	
mitochondrial	enzymes	nor	the	ATP	production.
CONCLUSION
In	 conclusion,	 gender	 differences	 occur	 in	
respiratory	function	of	liver	mitochondria	isolated	
from	 elderly	 Zucker	 obese	 rats.	 Whether	 these	
changes	reflect	an	adaptive	process	remains	to	be	
determined.
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